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Abstract 15 
Experimental research examining Later Acheulian handaxes often equates their production with 16 
expert knapping skill. Yet knapping mishaps, including step and hinge fractures, mismanaging 17 
cross-sectional proportions and transverse breaks are common throughout manufacturing stages 18 
and may represent an important source of morphological variability. Recent investigations of 19 
handaxes from the ~400 ka Area 1 locality at Amanzi Springs have suggested that the large and 20 
asymmetric proportions of these tools may relate the abundance of step and hinge fractures and 21 
excessive thick edges that impeded reduction. This study uses both geometric and traditional 22 
morphometric techniques to explore the effects of knapping mishaps on the reduction and 23 
morphology of Amanzi Springs handaxes. Results suggest that interpretations of Acheulian 24 
technological skill can benefit from examining the occurrence of production errors, which may 25 
account for some of the morphological differences in handaxes observed on both diachronic and 26 
geographic scales.    27 
 28 
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1. Introduction 35 
 36 
Research examining Later Acheulian handaxes has provided important insight into the 37 
levels of technological skill underlying their manufacture (Callahan, 1979; Edwards, 2001; 38 
Shipton, 2018, 2016; Shipton et al., 2013; Stout et al., 2014). Handaxe-making during this period 39 
is characterized by extensive thinning and retouch routines that are rarely observed in the Early 40 
Acheulian (Callahan, 1979; Shipton, 2018; Shipton et al., 2013; Stout et al., 2014). The 41 
manufacture stages of Later Acheulian handaxes are often thought to reflect enhanced perceptual-42 
motor capacities in Middle Pleistocene hominins (Pargeter et al., 2020; Stout et al., 2014; Wynn, 43 
1979). 44 
Experimental research examining the hierarchical nature of knapping actions in shaping 45 
Later Acheulian handaxes has highlighted the levels of craftmanship required to execute them 46 
effectively (Edwards, 2001; Pargeter et al., 2020, 2019; Shipton, 2016; Stout et al., 2014; Winton, 47 
2005). In fact, replicative studies often draw parallels between Later Acheulian handaxes and those 48 
produced by expert knappers, largely based on similarities in bilateral symmetry and shape 49 
standardization (Callahan, 1979; Edwards, 2001; Mahaney, 2014; Muller et al., 2017; Pargeter et 50 
al., 2020, 2019; Shelley, 1990; Stout et al., 2014; Winton, 2005). The impression gained is that 51 
techno-morphological features of Later Acheulian handaxes are indicative of knapping mastery. 52 
However, not all handaxes from the Later Acheulian can be analyzed through the lens of 53 
expert craftmanship as some assemblages are highly variable in their morphology (Caruana and 54 
Herries, 2020; Crompton and Gowlett, 1993; Li et al., 2018, 2016; McNabb and Cole, 2015). For 55 
example, the handaxes from the Area 1 locality at Amanzi Springs (~400 ka; Herries et al., under 56 
review) (Fig. 1), have been described as uniquely large and unstandardized despite their affiliation 57 
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to the Later Acheulian period (Caruana, 2021; Caruana and Herries, 2020; Deacon, 1970; Sharon, 58 
2007). It has been suggested that these morphological features resulted from the obstruction of 59 
reduction processes caused by raw materials flaws and knapping mistakes (Caruana, 2021; 60 
Caruana and Herries, 2020). As such, these artefacts were potentially abandoned during production 61 
and thus akin to rejected roughout or preforms rather than finished tools (Caruana, 2021; Caruana 62 
and Herries, 2020; Sharon, 2007).   63 
This hypothesis suggests that morphological variability in handaxes from Amanzi Springs 64 
was strongly influenced by early discard patterns due to reoccurring knapping errors. However, 65 
the impact of knapping errors and material flaws on the morphology and reduction of handaxes 66 
remains under-studied. Yet step and hinge fractures, excessive thick bifacial edges and transverse 67 
breaks (i.e., ‘end shock’) have been well-documented throughout experimental research (Callahan, 68 
1979; Edwards, 2001; Newcomer, 1971; Shelley, 1990; Torres and Preysler, 2020; Winton, 2005). 69 
Moreover, these issues commonly occur throughout the stages of handaxe manufacture regardless 70 
of skill level. Experts are also prone to mistakes (Torres and Preysler, 2020), which possibly 71 
represent a source of morphological variation in handaxes.  72 
Here we investigate the ‘cause and effect’ relationship between production mishaps and 73 
reduction as a potential determinant of the large and amorphous morphologies that characterize 74 
handaxes from Area 1 at Amanzi Springs. Furthermore, if this assemblage represents a collection 75 
of rejected artefacts, questions remain as to what aspects of technological skill can be deduced 76 
from analyzing their techno-morphological features. To address these issues, we present a series 77 
of geometric morphometric and multivariate statistical analyses to quantify knapping mishaps in 78 
the Amanzi Springs A1 handaxes and assess their relationship with reduction intensity and 79 
morphological variables. Samples from Rietputs 15 (Early Acheulian; ~ 1.31 ± 0.21 Ma) (Leader 80 
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et al. 2018) and Cave of Hearths Beds I-III (Later Acheulian; <780 ka) (Latham and Herries, 2009; 81 
Mason 1988) are included for interpreting aspects of skill. 82 
 83 
2. Acheulian Handaxe Production and Mishaps 84 
 85 
Chronological differences observed in Acheulian handaxe morphologies have been used 86 
as typological markers to distinguish early, middle and later periods of this lithic tradition (Clark, 87 
1964; Kuman, 2014; Sahnouni et al., 2013). Although defining ‘early/earlier/lower,’ ‘middle’ and 88 
‘late/later/upper’ Acheulian cultural sequences is notoriously complicated, regionally specific and 89 
often at the discretion of researchers’ preferences (Sahnouni et al., 2013). Yet there is some 90 
consensus that during the early period of the Acheulian industry, ~1.8 to ~1 Ma (corresponding to 91 
the Early Pleistocene), the production of handaxes mostly involved primary flaking sequences with 92 
little evidence of thinning and retouch (Callahan, 1979; Kuman, 2014; Sahnouni et al., 2013). 93 
Sometime around 800 ka or after (corresponding to the Middle Pleistocene), attention towards 94 
thinning and retouch routines seemed to increase along with the frequency of prepared core and 95 
laminar technologies (Callahan, 1979; Stout et al., 2014; Tryon et al., 2005). We use the terms 96 
‘Early’ (i.e. ~1.8 – 1 Ma) and ‘Later’ (i.e. ≤800 ka) as formal designations associated with 97 
differences in handaxe production processes, albeit recognize the limitations of such definitions. 98 
Many researchers agree that the Later Acheulian handaxes do reflect complex knapping 99 
routines that distinguish them from earlier forms. For example, the extent of procedures involved 100 
in thinning Later Acheulian handaxes has been used as a proxy for assessing the skill of ancient 101 
knappers (Callahan, 1979; García-Medrano et al., 2019; Shimelmitz et al., 2017; Shipton, 2018; 102 
Shipton et al., 2013; Stout et al., 2014). Successfully detaching invasive flakes that penetrate the 103 
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midline of handaxes requires careful control over the preparation of platforms, altering external 104 
platform and bevel angles, raising the plane of bifacial intersection and the accuracy and force of 105 
percussive strikes (Callahan, 1979; García-Medrano et al., 2019;  Pargeter et al., 2020. 2019; 106 
Shipton, 2018; Shipton et al., 2013). This is one of the most technically challenging aspects of 107 
LCT production and is thought to reflect a level of mastery in handaxe-making. 108 
However, replicative studies have also documented common production mishaps in 109 
shaping these tools (Callahan, 1979; Cunnar, 2015; Edwards, 2001; Ferguson, 2008; Shelley, 110 
1990; Torres and Preysler, 2020; Winton, 2005). Callahan (1979) documented the occurrence of 111 
step and hinge fractures throughout ‘edging’ (i.e., primary shaping) and ‘primary thinning’ (i.e., 112 
secondary shaping) phases of handaxe production, which were often associated with errors in 113 
detaching invasive flakes. Shelley (1990) also found that bifacial tools produced by beginner 114 
knappers recorded more stacked step terminations or ‘cascades’ along bifacial edges due to 115 
repeated striking attempts. Edwards’ (2001) investigation of Later Acheulian handaxe production 116 
from Kalambo Falls further emphasized the time and effort that knappers spent preventing and 117 
mitigating step and hinge fractures. More recently, Torres and Preysler (2020) found that expert 118 
knappers also commonly produce step/hinge fractures and stepped cascades, albeit are often able 119 
to remove them through focused flaking events. 120 
Furthermore, Callahan (1979) highlighted the importance of managing the cross-sectional 121 
shape of handaxes, which is specifically critical for the success of thinning. The goal being to 122 
maintain lenticular cross-sections that increases the chances of thinning flakes penetrating the 123 
midline of handaxes (Caruana 2021, 2020). In contrast, poor management of cross-section shapes 124 
often leads to the development of thick, amorphous edges that hinder thinning processes (Callahan, 125 
1979). Shelley (1990) corroborated this in finding that novices tended to produce ‘triangular’ 126 
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cross-sections in handaxes that could not be thinned effectively, while experts tended to maintain 127 
lenticular shapes throughout reduction (cf. Edwards, 2001; Winton, 2015). 128 
Callahan (1979) found that both step and hinge fractures and amorphous cross-sections 129 
result from common knapping errors, such as striking into ‘massive humps’ (overly convex flaking 130 
surfaces), inadequately prepared or weak platforms, and the misapplication of percussive force 131 
(too hard or too weak). He also recognized the propensity of certain raw materials to develop such 132 
issues, specifically noting that “tough quartzites” are prone to both step and hinge fracturing and 133 
the development of excessively thick edges (Callahan, 1979: 86). 134 
 135 
2.1 Correlating knapping mishaps and handaxe morphologies at Amanzi Springs 136 
 137 
 Recent studies of Later Acheulian handaxes from the Area 1 excavation at Amanzi Springs 138 
have drawn attention to their irregular forms and prevalence of flaws (Caruana, 2021; Caruana and 139 
Herries, 2020; Sharon, 2007). These tools are exclusively comprised of Table Mountain quartzite 140 
and have been described as minimally shaped, asymmetric, and larger in both thickness and mass 141 
proportions when compared to 27 other Acheulian sites from Africa, India and western Asia 142 
(Deacon, 1970; Caruana and Herries, 2020; Sharon, 2007). Caruana and Herries (2020) found 143 
allometric relationships between the width and thickness of tip and base portions of these tools, 144 
which potentially correlate to a lack of reduction intensity. Caruana (2021) further showed that 145 
cross-sectional shapes in the tip, midsection and base proportions of the Area 1 handaxes were 146 
mostly amorphous and demonstrated high proportions of excessively thick edges (cf. Callahan, 147 
1979). Step and hinge fractures were also more abundant in these tools when compared to handaxes 148 
from Rietputs 15 and Cave of Hearths (Caruana, 2021). Significant, yet weak correlations between 149 
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production mishaps and low reduction intensity indices suggested that shaping processes were 150 
possibly impeded by obtrusive errors either due to raw material flaws or erroneous flaking events 151 
(Caruana, 2021).      152 
It is therefore possible that many of the ‘large and unstandardized’ LCTs from Amanzi 153 
Springs Area 1 were discarded before reaching the final phases of production, while finished tools 154 
were mostly transported off site for use (Caruana and Herries, 2020; Gopher and Barkai, 2014; 155 
Sharon, 2007). If true, this implies a multivariate relationship correlating knapping mishaps, 156 
reduction intensity and the morphologies of the Amanzi Springs Area 1 handaxes. However, 157 
analytical methods for testing such relationships are lacking, and in fact few studies have 158 
quantified production mishaps to facilitate statistical inferences with reduction intensity and 159 
morphological variables (although see Shelley, 1990; Shipton, 2018; Torres and Preysler, 2020). 160 
Below, we outline a set of geometric and traditional morphometric analyses to investigate the 161 
impact of production mishaps on the morphology of the Amanzi Springs Area 1 handaxes. It is 162 
predicted that the prevalence of knapping mishaps in the Amanzi Springs Area 1 handaxes will 163 
inversely correlate with reduction intensity measures, which will in turn statistically explain some 164 
of the variance in the geometric proportions.        165 
 166 
3. Materials 167 
 168 
A sample of 40 handaxes was randomly selected from the Amanzi Springs Area 1 (A1), 169 
Cave of Hearths and Rietputs 15 collections for analysis, totaling 120 specimens. Table S1 170 
provides a descriptive statistical comparison of their metric measurements. Handaxes were 3D 171 
scanned using an Artec Space Spider© scanner to calculate the length and surface area of step and 172 
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hinge fractures and for geometric morphometric comparisons (Fig. 2). In line with past studies, 173 
the Rietputs 15 and Cave of Hearths assemblages were used to represent handaxe morphotypes 174 
from the Early and Later Acheulian periods, respectively (Caruana, 2021, 2020; Caruana and 175 
Herries, 2020; Li et al., 2018). 176 
The Amanzi Springs A1 sample is solely comprised of Enon quartzites derived from Table 177 
Mountain Group sandstones, while raw materials from Rietputs 15 (58% igneous, 39% hornfels, 178 
3% chert) and Cave of Hearths (75% quartzite, 13% igneous, 7% chert, 5% hornfels) are more 179 
variable. It is therefore possible that the frequency of knapping mishaps is simply a factor of raw 180 
material properties. However, recent experimental studies have suggested that raw materials have 181 
little to no impact on the final forms of handaxes (Eren et al., 2014; García-Medrano et al., 2019; 182 
Sharon, 2008). It is hypothesized the skill of Acheulian knappers is able to adapt to and overcome 183 
raw material properties to achieve specific forms, although this issue is discussed in more detail 184 
below.     185 
 186 
4. Methods 187 
 188 
4.1 Identifying production mishaps  189 
 190 
4.1.1 Step and hinge fractures 191 
 192 
The length and surface area of step and hinge fractures were measured on scan meshes 193 
using Geomagic Warp software and tabulated as ‘average flaw length’ (AFL) and ‘flaw surface 194 
area’ (FSA) variables (Fig. 3). Ratios of AFL to maximal length and FSA to total surface area were 195 
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also calculated to compare the frequency of fractures relative to the size of handaxes. Mann-196 
Whitney U tests and boxplot graphs were used to assess differences in these four variables between 197 
archaeological sites.   198 
 199 
4.1.2 Amorphous cross-sectional shapes 200 
 201 
Geometric morphometric procedures outlined in Caruana (2021, 2020) were used to 202 
analyze the cross-sectional shape of handaxe tips (Fig. 4). Numerous studies have shown that the 203 
tip regions of these artefacts were the focus of shaping processes and intended for use (Caruana, 204 
2021, 2020; Iovita and McPherron, 2011; Li et al., 2018; McPherron, 2006, 2000, 1999). Recent 205 
comparisons of cross-sections between tip, midsection and base portions in handaxes further 206 
demonstrated that tip shape most effectively discriminated Early and Later Acheulian assemblages 207 
(Caruana, 2021, 2020). Thus, tip cross-sections are the focus of this study as we expect the Later 208 
Acheulian samples to demonstrate high proportions of lenticular shapes (cf. Callahan, 1979).  209 
To facilitate this, semilandmarks were plotted along cross-sectional outlines derived from 210 
‘digitally thin-sectioning’ 3D handaxe meshes at ¼ of their total length. General Procrustes and 211 
principal component analyses were used to normalize semilandmark configurations and assess 212 
patterns of shape variance between groups, respectively, via ‘geomorph’ and ‘car’ packages in R 213 
statistics. Deformation grids were produced to visualize shape change along principal axes, which 214 
represent lenticular shapes conducive to thinning versus amorphous (i.e., triangular, concave and 215 
convex) shapes that potentially hindered thinning processes (Caruana, 2021, 2020). The first 216 
principal component and centroid size scores were then used as indices of shape and size variance, 217 




4.2 Examining production mishap, reduction intensity and morphological correlations  220 
 221 
4.2.1 Multivariate analyses     222 
 223 
 Principal component (PCA) and canonical variate (CVA) analyses were performed using 224 
metric measurements, reduction intensity indices and knapping mishaps variables (AFL and FSA). 225 
Metric measurements included: maximal length, width, and thickness (cm); the width and 226 
thickness of tips, midsections and bases (cm); and surface area (cm2) and volume (cm3). All flake 227 
scars on handaxes were counted, regardless of their size, to accurately calculate reduction 228 
measures. Mass (g) was excluded as it was highly correlated to volume (r2= 0.9) and thus an 229 
overlapping measurement. Reduction intensity was measured through the scar density index (SDI; 230 
flake scar count/surface area) (Clarkson, 2013; Shipton and Clarkson, 2015), while flake scar 231 
counts and the ratio of width to thickness were also used as reduction proxies (Presnyakova et al., 232 
2018). The percentage of remaining cortex is also often used as a measure of reduction, although 233 
re-cortification in most of the Rietputs 15 handaxes obscured this observation and thus was 234 
excluded here. 235 
 Two PCAs were conducted, the first using only metric measurements to understand 236 
differences in geometric form between handaxe assemblages. Scores from the first principal 237 
component (PC1) were tabulated to represent morphological variance, which were compared with 238 
knapping mishap and SDI ratios to test the strength of statistical relationships. The second PCA 239 
included AFL, FSA, flake scar count, width to thickness ratios and metric measurements to assess 240 
the strength of production mishap and reduction variables in explaining variance. PC1 scores from 241 
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this analysis were also saved and used as a ‘flaw-reduction’ index, where higher PC1 scores 242 
represent a high flaw to low reduction index, and vice-versa.  243 
Both of the PCAs were complemented by canonical variate analyses (CVA) to assesses the 244 
strength of morphological and flaw-reduction variables to discriminate handaxe assemblage. All 245 
variables were log-transformed prior to inclusion in PCA and CVA tests, which were carried out 246 
using PAST and SPSS software.  247 
 248 
4.2.2 Comparing the effects of production mishaps on handaxe reduction 249 
 250 
 A set of linear and multivariate multiple regressions were used to test relationships between 251 
production mishap and reduction intensity variables. This was based on comparing SDI with AFL, 252 
FSA, PC1 and centroid size scores derived from the GM analysis, as well as the PC1 scores derived 253 
from the flaw-reduction PCA. If significant relationships between production mishaps and 254 
reduction intensity exist, this corroborates the hypothesis that such mishaps effected the production 255 
of the Area 1 handaxes and was likely the source of their large and amorphous proportions.    256 
 257 
5. Results 258 
 259 
5.1 Step and hinge fracture abundance and reduction intensity patterns 260 
 261 
 Figure 5 displays boxplots comparing AFL, FSA, AFL to maximal length, FSA to total 262 
surface area, SDI and width to thickness ratios. This establishes basic patterns of knapping mishaps 263 
and reduction intensity across assemblages and confirms that the Area 1 handaxe sample is 264 
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significantly higher in the proportion of step and hinge fractures and the least reduced. Mann-265 
Whitney U test results for these variables are reported in Table S2, which demonstrate significant 266 
differences between Amanzi Springs A1 and Rietputs 15 and Cave of Hearths across all 267 
comparison expect FSA to total surface area and width to thickness ratios. 268 
 269 
5.2 Principal component analysis of cross-sectional tip shapes 270 
 271 
The PCA results analyzing cross-sectional outlines of handaxe tips are similar to those 272 
reported in Caruana (Caruana, 2021, 2020). In general, deformation grids show that PC1 accounted 273 
for variance relating to triangular cross-sections on the negative end (cf. Shelley, 1990), while 274 
positive scores related to lenticular shapes optimal for thinning (cf. Callahan, 1979). PC2 related 275 
to Callahan’s (1979) definition of overly convex or concave cross-sectional shapes that were 276 
problematic for thinning (Caruana, 2021, 2020). 277 
The PCA graph for tip regions shows that PC1 (51.23%) and PC2 (22.5%) account for 278 
73.83% of total shape variance (Fig. 6). The Amanzi Springs A1 sample shows a high degree of 279 
variance along the PC2 axis, suggesting a higher frequency of overly convex and concave cross-280 
sectional shapes. Rietputs 15 demonstrates greater variance along axes that reflect problematic 281 
cross-sectional shapes (i.e., negative PC1 and PC2). The Cave of Hearths loads strongly onto the 282 
positive end of PC1 with minimal variance along PC2. This reflects the abundance of lenticular 283 
cross-sections, likely produced through extensive thinning routines.  284 
 285 




 PCA analysis comparing metric measurements show PC1 (55.73%) and PC2 (15.5%) 288 
accounting for 71.23% of the total variance. The bivariate graph shows some difference in handaxe 289 
assemblages loading onto PCs 1 and 2 axes, where PC1 represents variance relating to volume and 290 
tip width and PC2 represents variance in base thickness and the residuals of tip width (Fig. 7; Table 291 
S3). The Amanzi Springs A1 and Rietputs 15 samples load strongly onto PC1, where Area 1 is 292 
skewed towards the positive end of this component due to their overall larger geometric size 293 
(Caruana and Herries, 2020). Cave of Hearths loads onto the negative end of PC1 and shows 294 
greater variance along the PC2 axis, suggesting they are lower in volume and thinner in tip regions. 295 
The CVA results show that Amanzi Springs A1 and Cave of Hearths are highly discriminated in 296 
terms of morphology. The classification table correctly assigned 75% of handaxes to their 297 
respective assemblages, and 28% of the Amanzi Springs A1 handaxes incorrectly classified as 298 
Rietputs 15 (Table 1). 299 
The second PCA comparing metric measurements, reduction indices and mishap variables 300 
also shows significant differentiation between the Amanzi Springs A1 and Cave of Hearths sample 301 
and some overlap with Rietputs 15. The PCA graph shows that PC1 (54.49%) and PC2 (15.29%) 302 
account for 69.78% of total variance (Fig. 8). Plot loadings show that AFL, FSA, mass and volume 303 
are strongly correlated with the positive end of PC1, while scar count and width to thickness ratio 304 
are correlated with the negative end of PC1 (Table S4). This demonstrates the PC1 scores captured 305 
variance relating to the inverse proportion of flaws to reduction intensity. The CVA results 306 
similarly show discrimination between the Amanzi Springs A1 and Cave of Hearths samples and 307 
some overlap with Rietputs 15. The classification table correctly assigned 84.2% of handaxes to 308 
the correct assemblages with 12.5% of the Amanzi Springs A1 artefacts assigned to Rietputs 15 309 




5.4 The effects of knapping mishaps on reduction intensity 312 
 313 
 Power regressions of SDI (dependent variable) and AFL and FSA (independent variables) 314 
demonstrate significant relationships (SDI-AFL: R2= 0.582, p< 0.001; SDI-FSA: R2= 0.323, p< 315 
0.001) (Fig. 9). AFL is well correlated with SDI, suggesting that reduction intensity is significantly 316 
affected by the average length of step and hinge fractures. 317 
PC1 and log-transformed centroid size scores derived from the geometric morphometric 318 
analysis of tip cross-sections were compared as dependent variables with AFL, FSA, AFL/L, 319 
FSA/SA and SDI (independent variables) in a multivariate multiple regression. Table 3 displays 320 
the MANCOVA results of this test, which only shows a significant yet weak relationship between 321 
PC1 and SDI. Centroid size was significantly related to all variables aside form FSA/SA, and 322 
strongly correlated with AFL. 323 
Finally comparing flaw-reduction PC1 scores reveals that the Area 1 sample is significantly 324 
different when compared to Rietputs 15 and Cave of Hearths (Fig. 10A; Table S5). A linear 325 
regression with SDI reveals a highly correlated, exponential relationship between these reduction 326 
indices (R2= 0.698, p< 0.001) (Fig. 10B). 327 
 328 
6. Discussion 329 
  330 




 The statistical results of this study demonstrate a greater frequency of knapping mishaps in 333 
the Amanzi Springs A1 handaxes when compared to the Rietputs 15 and Cave of Hearths. Both 334 
step and hinge fracture rates (AFL and FSA) and amorphous cross-sectional shapes are pervasive 335 
within the Amanzi Springs A1 sample, which are accompanied by low reduction intensity indices 336 
(Fig. 5). In fact, Amanzi Springs A1 aligns more closely with patterns of the Early Acheulian 337 
represented by Rietputs 15, rather than those of Cave of Hearths and thus more contemporary Later 338 
Acheulian assemblages.  339 
 Both morphological and flaw-reduction PCAs distinguished patterns of variance in 340 
handaxes, further confirmed by CVA results. In terms of morphology, the overall size (volume) 341 
and tip width strongly discriminated Amanzi Springs from Cave of Hearths, while FSA and AFL 342 
similarly did so in the flaw-reduction tests (Figs. 7 & 8). These results highlight a cause-effect 343 
relationship between step/hinge fractures and reduction intensity as an important source of 344 
variation in the Amanzi Springs handaxe assemblage. Further correlations between production 345 
mishap and reduction intensity indices highlight the strength of this relationship.  346 
Interestingly, the scatterplot graph in Figure 10B comparing SDI and PC1 scores from the 347 
flaw-reduction PCA displays discernable differences between archaeological sites. The Amanzi 348 
Springs samples plots within the high PC1 to low SDI range, while Cave of Hearths displays the 349 
opposite pattern and Rietputs 15 falls in between. Therefore, this graph models a ‘reduction 350 
continuum’ that differentiates these assemblages based on their proportion of flaws to reduction 351 
rates. In all, the results of this study corroborate the hypothesis that the Amanzi Springs handaxes 352 
likely represent rejects or flawed preforms that were abandoned due to production errors. This 353 
supports previous hypotheses suggesting that Amanzi Springs may represent an LCT workshop 354 
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characterized by rejected LCT roughouts and preforms (Sharon, 2007), similar to Mt. Pua in 355 
Galilee, Israel (Gopher and Barkai, 2014).      356 
 357 
6.2 Interpreting technological skill 358 
 359 
 At face value, the handaxes from Amanzi Springs seem to reflect toolmaking abilities that 360 
are akin to the Early Acheulian. Yet this study demonstrates that insights into technological skill 361 
are context-dependent and that interpreting the abilities of the Amanzi Springs A1 knappers is 362 
somewhat obscured by the pervasiveness of knapping mishaps. As such, technological analyses of 363 
handaxes from Amanzi Springs are unlikely to provide definitive insight into the upper limits of 364 
Later Acheulian knapping skill.  365 
 However, the structural properties of raw material may have significantly impacted 366 
handaxe reduction sequences at Amanzi Springs (cf. Humphreys, 1970). As mentioned above, 367 
Callahan (1979) states that ‘tough quartzites’ are prone to production mishaps due to internal flaws 368 
and managing percussive force. One of the authors (MVC) that has nine years of knapping 369 
experience notes that flaking Table Mountain Group quartzites from Amanzi Springs requires 370 
considerable force to initiate conchoidal fracture and step/hinge fractures occur frequently.  371 
Callahan (1979) describes the control of percussive force as one of the most important 372 
aspects in successfully shaping bifacial tools, although its application differs depending upon the 373 
production stage and desired flaking outcome. Using Callahan’s (1979) terminology, the edging 374 
phase requires ‘hard percussion’ with a hammerstone to release non-invasive flakes that define a 375 
bifacial edge. Too weak a strike during this phase will likely result in stepped/hinged terminations. 376 
During the thinning phase, detaching invasive flakes requires less force optimally delivered with 377 
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a soft hammer, where too much force will also produce step/hinge fractures. As such, the ability 378 
to control the force and placement of percussive strikes relative to desired flaking goals forms an 379 
important part of stone-knapping mechanics associated with expertise (Nonaka et al., 2010; 380 
Pargeter et al., 2020, 2019; Rein et al., 2013; Roux et al., 1995; Winton, 2005). 381 
Correlations between raw materials and force application underlying the production of 382 
LCTs at Amanzi Springs A1 can be drawn to speculate on the causes of production mishaps. The 383 
interplay between the structure of Table Mountain Group quartzites and requisite percussive force 384 
needed to both shape and thin handaxes is a plausible explanation for the abundance of both 385 
stepped/hinged surfaces and excessively thick edges. The Amanzi Springs A1 handaxe 386 
characteristically lack signs of thinning removals, suggesting that these tools were likely 387 
abandoned during or directly after primary shaping. Further, Callahan (1979: 111) noted that “one 388 
may see rejects with only one bad step-fracture and wonder why work was discontinued on what 389 
otherwise seems to be a fine biface. But the experienced knapper, once the first bad step in [sic] 390 
encountered…knows with some degree of certainty whether or not to invest further effort.” 391 
Although some aspects of the Amanzi Springs A1 handaxes suggest that knappers potential 392 
anticipated the challenges of knapping Table Mountain quartzites. In describing unsuccessful 393 
attempts in detaching edging flakes, Callahan (1979) says that larger bifaces have more chances 394 
of success in reaching the final stages of shaping. They essentially provide more ‘room for error’ 395 
in allowing for surfaces that develop flaws to be cleared without losing too much volume. In line 396 
with the results presented above, Sharon (2007) and Caruana and Herries (2020) statistically 397 
confirmed Deacon’s (1970) original insight that the LCTs from Amanzi Springs are uniquely large 398 
when compared to other Acheulian sites. As such, it is possible that Later Acheulian toolmakers 399 
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at Amanzi Springs A1 targeted large cores and clasts to shape handaxes as a means of maximizing 400 
volume in blanks that were inherently prone to production mishaps.  401 
If true, this would imply that hominins anticipated potential LCT production issues and 402 
adapted raw material procurement and blank production strategies to reduce failure rates. 403 
Moreover, the entame large flaking technique has been identified in the Amanzi Springs A1 404 
assemblage, which was used to exploit quartzite boulders to produce large flake blanks (Caruana 405 
and Herries, 2020). Entame flake blanks were already thin in profile and only required minimal 406 
flaking to produce a useable edge (Sharon, 2011, 2009). This could also represent an adaptation of 407 
knappers at Amanzi Springs to produce LCTs while circumventing the cobble reduction method, 408 
which may have been more prone to production mishaps.    409 
 410 
7. Conclusions 411 
 412 
 There is little doubt that the techno-morphological features typifying some Later Acheulian 413 
handaxes reflect expert knapping skill (Callahan, 1979; Edwards, 2001; Shelley, 1990). In 414 
assessing the prevalence of mishaps, this study further suggests that Middle Pleistocene knappers 415 
at Amanzi Spring A1 may have anticipated high rates of flaws in producing LCTs and intentionally 416 
acquired geometrically large blanks (i.e., cobbles and large flakes). This would have allowed 417 
knappers to clear bifacial surfaces of steps and hinges that would otherwise have halted the shaping 418 
of smaller preforms. Moreover, acquiring large flakes through entame core preparation may reflect 419 
a means of bypassing lengthy LCT manufacturing processes where knapping mishaps were more 420 
likely to occur. Although speculative, these potential anticipatory behaviours may explain the 421 
19 
 
overall large and amorphous features of the Amanzi Springs A1 LCTs noted by previous authors 422 
(Caruana, 2021; Caruana and Herries, 2020; Deacon, 1970; Herries et al., 2021; Sharon, 2007).  423 
This research also highlights the need to consider the interplay between raw materials and 424 
knapping mishaps in assessing levels of technological skill. The Acheulian toolmakers that 425 
occupied Amanzi Springs A1 were likely capable of producing highly standardized handaxe forms, 426 
yet the archaeology of the site reflects, in part, a record of mishaps and rejected preforms. In the 427 
wider context of the site, Amanzi Springs A1 may represent a workshop locality, thus providing 428 
some explanation for its lack of standardized and refined handaxes. Given the potential impact of 429 
material flaws on reduction and morphological variability, it is further possible that the amorphous 430 
nature of Rietputs 15 handaxes, thought to represent Early Acheulian knapping skill, may also 431 
reflect early discard behaviours due to knapping mishaps. This potentially highlights the difficulty 432 
of assigning Acheulian assemblages to a particular time period based on typological attributes 433 
alone.            434 
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Figure 1. Geographical map of South Africa showing the location of Amanzi Springs relative to 628 




Figure 2. Examples of handaxe scan meshes from Area 1 at Amanzi Springs. 631 
 632 
Figure 3. Step fracture measurements taken from a handaxe scan mesh (black outline = surface 633 
area; dark grey line = length).      634 
 635 
Figure 4. Examples of cross-sectional shape in the tip region of handaxes. A) Handaxe from the 636 
Cave of Hearths showing a lenticular cross-section. B) Handaxe from Amanzi Springs showing an 637 
amorphous cross-section with a large step fracture. In this case, the angle of the bifacial edge will 638 
only become increasing steep (towards 90o) as reduction continuous and cannot be thinned. 639 
 640 
Figure 5. Boxplot graphs of step/hinge fracture measurements and reduction intensity indices. 641 
 642 
Figure 6. Principal component scatterplot derived from the geometric morphometric analysis of 643 
cross-sectional tip outlines. 644 
 645 
Figure 7. Principal component scatterplot derived from metric measurements. 646 
 647 
Figure 8. Principal component scatterplot derived from production mishap, reduction intensity and 648 
metric measurements.  649 
 650 
Figure 9. Regression graphs comparing scar density index (flake scar/surface area) with average 651 




Figure 10. Boxplot graph comparing PC1 scores derived from the ‘flaw-reduction’ PCA between 654 
archaeological sites (A), and a regression graph comparing the same PC1 scores with the scar 655 
density index (flake scar/surface area) (B). 656 
